wileyonlinelibrary.com in a shear-thinning, physical hydrogel can provide mechanical protection that prevents cell membrane damage during injection. [ 8 ] Weak hydrogels with shear moduli < 50 Pa were previously found to offer the best protection; however, these materials typically biodegrade too quickly (within 1-2 weeks) to support long-term cell survival in a 3D matrix. [ 8, 16, [21] [22] [23] Therefore, it has been challenging to design a hydrogel that can simultaneously address both causes of low cell retention in a single gel formulation. Toward this end, we aim to design an injectable hydrogel that undergoes two different physical crosslinking mechanisms: (1) weak, heterodimeric, molecular-recognition ex vivo to provide mechanical cell protection during injection and (2) additional crosslinking in vivo induced by thermoresponsive formation of a reinforcing network to support longterm cell survival within a 3D matrix.
1
wileyonlinelibrary.com in a shear-thinning, physical hydrogel can provide mechanical protection that prevents cell membrane damage during injection. [ 8 ] Weak hydrogels with shear moduli < 50 Pa were previously found to offer the best protection; however, these materials typically biodegrade too quickly (within 1-2 weeks) to support long-term cell survival in a 3D matrix. [ 8, 16, [21] [22] [23] Therefore, it has been challenging to design a hydrogel that can simultaneously address both causes of low cell retention in a single gel formulation. Toward this end, we aim to design an injectable hydrogel that undergoes two different physical crosslinking mechanisms: (1) weak, heterodimeric, molecular-recognition ex vivo to provide mechanical cell protection during injection and (2) additional crosslinking in vivo induced by thermoresponsive formation of a reinforcing network to support longterm cell survival within a 3D matrix.
While several naturally derived hydrogel materials have been used for injectable cell transplantation, including alginate, [ 8 ] collagen, [ 9, 10 ] fi brin, [ 11 ] hyaluronan, [ 12 ] Matrigel, [ 13 ] and decellularized extracellular matrices, [ 24 ] these materials can be subject to batch-to-batch variations. [ 25 ] To optimize the hydrogel fl ow properties, synthetic efforts have focused on the development of shear-thinning and self-healing hydrogels, which fl ow as a liquid during injection and recover back into a solid gel after delivery to retain the encapsulated cells at the desired site. [ 26 ] Currently, these hydrogel systems are mainly based on the selfassembly of peptides [ 14 ] and/or block copolymers. [ 22, 27 ] These hydrogels often require exposing cells to nonphysiological conditions (e.g., high ionic strength, low pH, or low temperature) to induce the sol-gel transition and to achieve cell encapsulation.
Hydrogels based on heterodimeric molecular-recognition between protein motifs, including growth factor mediated hydrogels, [ 28 ] Dock-and-Lock hydrogels, [ 18, 19 ] leucine-zipper hydrogels, [ 15 ] and mixing-induced two-component hydrogels (MITCH), [ 16, 17 ] are appealing due to their ability to easily encapsulate cells by simply mixing together complementary polymers. However, these hydrogels with dynamic and weak physical crosslinks are very soft and subject to fast biodegradation after delivery. Therefore, an additional crosslinking step postinjection may be a promising method to increase the gel stiffness and decrease the degradation rate. While dual-stage hydrogel crosslinking has been reported, the design of these hydrogels to provide mechanical cell protection during injection and to Stem cell transplantation has emerged as a promising therapeutic strategy for treating many injuries and diseases including peripheral arterial disease, [ 1 ] cardiac disease, [ 2, 3 ] stroke, [ 4 ] peripheral nerve injury, [ 5 ] and spinal cord injury.
[ 6 ] Cell transplantation by injection is a minimally invasive and clinically preferred strategy that delivers cells directly to the desired site of repair. [ 7 ] However, numerous studies in recent years have shown that injectable cell therapies result in low cell retention and engraftment, which is a major obstacle to clinical translation. [ 2, 3 ] Low cell retention is partly attributed to (i) mechanical forces during injection that damage the cell membrane and (ii) the lack of a 3D matrix to support cell viability postinjection. [ 2, 3, 8 ] Injectable hydrogels have been explored as a strategy to address both of these causes of low cell retention. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Preencapsulating cells support long-term in vivo cell viability and retention has not been demonstrated. [ 15, 19 ] When designing an in situ crosslinking strategy, we chose to avoid diffusible small molecules and chemical reactions that may have unwanted off-target effects. We also wanted to develop a crosslinking protocol that would be simple to surgically implement without need for extra equipment (e.g., UV lamps). Thermoresponsive, physical crosslinking offers mild network formation upon warming in situ due to entropically driven dehydration and collapse of polymer components, leading to noncytotoxic encapsulation of cells. [ 29 ] We hypothesized that a hydrogel that underwent weak, heterodimeric, molecular-recognition ex vivo and thermoresponsive crosslinking in situ would simultaneously address two of the major causes of transplanted cell death and signifi cantly improve the retention of viable transplanted stem cells. To achieve this, we designed a novel heteroarm star copolymer that was conjugated with both modular polypeptide domains and a thermoresponsive component to enable physical crosslinking processes before and after syringe injection. We termed this material shear-thinning hydrogel for injectable encapsulation and long-term delivery (SHIELD). Specifi cally, the molecular recognition takes place between a star-shaped peptide-polyethylene glycol (PEG) copolymer assembling with an engineered recombinant protein (C7) to form a weak, physical network ex vivo . The in situ crosslinking induces formation of a reinforcing double network via thermal phase transition of poly( Nisopropylacrylamide) (PNIPAM) chains conjugated to the PEG copolymer ( Figure 1 a) .
The site-specifi c conjugation of both PNIPAM and P1 peptides to 8-arm PEG-vinyl sulfone (VS) was achieved using Michael-type addition between amines (present on PNIPAM) or thiols (present on P1 peptides) and VS, which allows for rapid and selective reaction within aqueous conditions. This two-step reaction yielded high degrees of conjugation (74% for PNIPAM and 90% for P1, NMR spectra in Figure S1 , Supporting Information). PNIPAM peak integration of the 8-arm PEG-PNIPAM copolymer indicated that PNIPAM was conjugated to ≈1 arm of the 8-arm PEG-VS with unreacted VS double bonds remaining on the other 7 arms. These double bonds completely disappeared after the second conjugation step, and tyrosine aromatic proton peaks from the P1 peptide appeared, indicating the successful synthesis of the 8-arm PEG-PNIPAM-P1 copolymer. Smooth gel permeation chromatography (GPC) curves suggested that the copolymer retained a narrow molecular weight distribution similar to the original PEG-VS, with no traces of PNIPAM chain contamination ( Figure S2 , Supporting Information). The apparent weight-average molecular weight increased from 18 570 g mol −1 for 8-arm PEG-VS to 32 400 g mol −1 for the PEG-PNIPAM-P1 copolymer due to the conjugation of PNIPAM and P1 peptide chains. The exact molecular weights are likely somewhat different given the heteroarm confi guration of the synthesis products and the linear polymer confi guration of the molecular weight standards.
In solution, the PEG-PNIPAM-P1 copolymer (10 wt% in phosphate-buffered saline (PBS)) showed typical viscous behavior of an unentangled polymer solution with loss moduli ( G″ ) much higher than storage moduli ( G′ ) before reaching a crossover point at high frequencies ( Figure S3 , Supporting Information). Similar rheological behavior was found for the linear C7 protein solution (10 wt% in PBS). Upon mixing this PEG-PNIPAM-P1 copolymer solution with the C7 (10 wt% in PBS), SHIELD-1 (1 wt% PNIPAM moiety) formed within seconds, and the G′ signifi cantly increased to ≈13 Pa at 25 °C, due to a heteroassembled network formed by the heterodimeric, specifi c binding of C and P domains (Figure 1 b, further statistical analysis provided in Figure S4 , Supporting Information). All hydrogels demonstrated frequency sweep curves characteristic of elastic networks formed by physical crosslinking, with G′ consistently larger than G″ , confi rming gelation upon mixing of the two components (Figure 1 c) . At body temperature, the G′ of the network further increased an order of magnitude from ≈13 Pa to ≈100 Pa as a result of the formation of a secondary PNIPAM thermoresponsive, self-assembled network within the already existing heteroassembled network (Figure 1 b,c) . The lower critical solution temperature (LCST) of SHIELD-1 was measured to be ≈34 °C ( Figure S5 , Supporting Information). As a control, SHIELD-0 was created using C7 mixed with PEG-P1 copolymer with all eight arms of PEG-VS conjugated with P1 peptides (0 wt% PNIPAM). As expected, the stiffness of the SHIELD-0 control did not increase at body temperature ( Figure S5 , Supporting Information). By mixing SHIELD-0 with SHIELD-1 at a ratio of 30/70, we created SHIELD-0.7 (0.7 wt% PNIPAM) with an intermediate G′ of ≈70 Pa, suggesting that the mechanical properties of this family of hydrogels can be easily tuned by controlling the extent of formation of the secondary PNIPAM network (Figures 1 c) .
To further characterize these double-network hydrogels, we measured the diffusivity of a 40 kDa dextran within the various formulations using fl uorescence recovery after photobleaching (FRAP). Diffusivity is known to correlate with network mesh size. Increasing the PNIPAM secondary network density from 0 to 0.7 to 1 wt% (SHIELD-0, SHIELD-0.7, and SHIELD-1, respectively) resulted in signifi cantly slower diffusion, indicating a smaller mesh size for the double-network hydrogels (Figure 1 d) . For comparison, all three heteroassembled hydrogels had signifi cantly lower diffusivities compared to Type I collagen and Matrigel, two common matrices for cell transplantation with similar storage moduli ( G ′ of ≈25 Pa and ≈90 Pa, respectively). [ 9, 30 ] In general, hydrogels with smaller mesh sizes, and hence decreased diffusivity, are expected to have slower biodegradation rates, which we hypothesized would improve longterm cell retention. Because the diffusivities of SHIELD are similar to normal tissues, such as muscle [ 31 ] and cartilage, [ 32 ] we also expected SHIELD to allow for suffi cient nutrient exchange and paracrine signaling to support long-term cell viability. As with other physically crosslinked hydrogels, the loss of hydrogel material is expected to occur predominantly by surface erosion of the double network rather than internal degradation of the polymers. [ 21 ] Analysis of hydrogel erosion kinetics in bulk PBS medium showed that SHIELD-1, a double network hydrogel, eroded signifi cantly more slowly than the SHIELD-0, a single network hydrogel (Figure 1 e). These data are consistent with measurements of hydrogel moduli and diffusivity, as increasing the number of physical crosslinks per chain results in stiffer hydrogels, a smaller mesh size, decreased diffusivity, and decreased surface erosion.
We next evaluated the shear-thinning and cell-protective properties of the hydrogels during high-shear fl ow, such as that experienced during syringe needle injection. Linear viscosity measurements at alternating low and high shear rates showed that SHIELD-1 exhibited shear-thinning behavior, or thixotropy, with much lower viscosity at higher shear rates at both room and body temperatures ( Figure 2 a) . The SHIELD-1 responded to high shear rates almost instantaneously (<1 s) with a sharp yielding transition, due to the inherently fast on-rate kinetics of C to P domain interactions. [ 33 ] At low shear rates, the networks reversibly and rapidly (<2 s) self-healed due to reformation of the physical network junctions. The response time of SHIELD-1 upon shear-thinning and self-healing is much shorter than other shear-thinning hydrogel systems based on protein-ligand interactions or peptide nanofi ber entanglement, which can take minutes to hours due to passive reentanglement of polymer chains or stepwise reassembly into peptide nanofi bers. [ 21, 26, 34 ] The rapid shear-thinning and self-healing , and SHIELD-1 (with 0, 0.7, and 1 wt% PNIPAM, respectively) at 25 or 37 °C and 1 Hz. * p < 0.05, n ≥ 3. c) Storage ( G ′) and loss moduli ( G ′′) of SHIELD as a function of frequency at 37 °C. d) FRAP characterization of dextran ( M w = 40 kDa) diffusivity within hydrogels and control media at 37 °C. All differences between any two groups are statistically signifi cant, p < 0.05, n ≥ 3. e) SHIELD erosion kinetics represented by cumulative fraction of the hydrogel material eroded into bulk PBS medium at 37 °C over 14 days. p < 0.05 between any two groups at the same time point after day 2, n ≥ 3.
kinetics are ideal for injectable applications, where the hydrogels must be able to fl ow under hand pressure to facilitate easy transplantation and able to recover the gel state immediately postinjection to remain localized at the desired site. [ 8, 35 ] We then tested the cytocompatibility of SHIELD-1 and their potential to provide cell protection during injection using a preclinical model of human adipose-derived stem cell (hASC) transplantation. hASCs possess tremendous potential for multiple regenerative medicine therapies and are harvested through voluntary lipoaspiration of adult fat tissue to circumvent procurement and ethical concerns. [ 36 ] hASCs from consenting donors were encapsulated in the hydrogel within a 1-mL syringe barrel prior to ejection through a 28-gauge syringe needle using a syringe pump at a fl ow rate of 1 mL min −1 . Cells were immediately analyzed with a LIVE/DEAD assay to count the number of cells with intact or damaged membranes, respectively. Immediately after injection, 93% ± 4% of the hASCs were still alive within the hydrogel, statistically similar to noninjected controls (Figure 2 b,c) . In contrast, when the cells were injected in a saline solution (PBS), significantly more cells exhibited membrane damage, resulting in a viability of 69% ± 5% (Figure 2 b,c) . Similar levels of mechanical cell protection were exhibited by SHIELD-0 and SHIELD-0.7 (Figure 2 b) . These results suggest that the weak, heterodimeric, molecular-recognition network present in all three SHIELD variants provides signifi cant cell protection from the damaging mechanical forces experienced during cell transplantation. These results are consistent with our previously published data that weak, shear-thinning alginate gels with shear moduli < 50 Pa protected cells from membrane damage during syringeneedle injection. [ 8 ] Thus, the weak, primary SHIELD network formed ex vivo has appropriate mechanical properties to provide acute mechanical shielding during cell injection.
After in vitro injection, the hASCs within SHIELD-1 were brought to physiological temperature to induce formation of the thermoresponsive, secondary reinforcing network. These 3D cultures were maintained for 14 days postinjection and analyzed for cell viability, homogeneity, and morphology. All cultures remained proliferative with a homogeneous cell distribution and minimal dead cells were observed within the hydrogels at all time points (Figure 2 d, see Figure S6 , Supporting Information for comparison images of cells cultured within SHIELD-0). Quantifi cation of cell number after 2 weeks of culture suggests that proliferation within SHIELD-1 is statistically greater than that in SHIELD-0 ( Figure S6 , Supporting Information). Cells exhibited well-spread cytoskeletal morphologies with distinct actin fi lament networks within SHIELD-1. Together these data demonstrate that the double network hydrogels support cell encapsulation, delivery by injection, and cell proliferation and spreading in vitro.
We next studied the ability of the hydrogels to improve cell transplantation effi ciency in vivo. Immediately following encapsulation of hASCs within SHIELD-0, SHIELD-0.7, or SHIELD-1, they were injected subcutaneously into nude mice. Cell delivery in PBS was included as a control. All cellembedded hydrogels were easily injectable under hand force through a 28-G needle and recovered as compact gel structures, which were visible and palpable as small nodules at the injection sites. Hydrogel material location and retention were tracked noninvasively by labeling the C7 polymer with a near-infrared fl uorescence dye prior to injection ( Figure 3 a) . At day 3, only ≈30% of the SHIELD-0 material was retained (Figure 3 b, further statistical analysis provided in Figure S7 , Supporting Information). In contrast, ≈60% of the SHIELD-1 and SHIELD-0.7 materials remained at day 3. This statistically signifi cant trend was observed across all time points during the 3-week experiment. These data are consistent with our in vitro hydrogel erosion results and confi rm that the PNIPAM network effi ciently enhances material retention time in vivo.
To evaluate our hypothesis that decreased biodegradation rates would result in enhanced cell retention, viable transplanted cells were noninvasively quantifi ed for 14 days postinjection using bioluminescence imaging (BLI). The hASCs were engineered to secrete fi refl y luciferase, which catalyzes emission of a bioluminescence signal upon reaction of D-luciferin. [ 37 ] By day 3, only ≈13% of hASCs transplanted using PBS as a delivery vehicle were still metabolically active (Figure 3 c,d , further statistical analysis provided in Figure S8 , Supporting Information). In contrast, SHIELD-1 signifi cantly enhanced cell retention, with ≈60% viable cells at day 3. It should be noted that this in vivo evaluation does not take into account the acute cell-protective properties of the hydrogel. All intensities are reported relative to day 0 values postinjection, when presumably a signifi cant percentage of PBSdelivered cells had already died due to acute membrane damage during injection. Therefore, these increases in cell numbers may be due to decreased cell apoptosis, decreased cell migration away from the injection site, and/or enhanced cell proliferation. At day 7, double-network SHIELD-1 improved cell retention fi vefold and 2.5-fold compared to PBS and single-network SHIELD-0, respectively. This effect was further enhanced at day 14, when SHIELD-1 cell retention was sixfold and threefold higher than PBS and SHIELD-0, respectively. These results are consistent with our hypothesis and demonstrate that formation of a secondary, thermoresponsive network within an existing physical network can signifi cantly promote long-term retention of metabolically active, transplanted cells at the target site. Regardless of cell type, transplantation model, and methods to quantify cell retention, it has been widely found that only a small fraction of transplanted cells are retained acutely. [ 2, 4, 38 ] As a result, multiple cell injections are often required to achieve functional recovery, although the optimal cell number required for specifi c cell-based therapies remains to be determined. [ 39 ] The survival and retention time of the transplanted stem cells delivered within SHIELD-1 are signifi cantly better than many other injectable, single-network hydrogels, which typically result in a substantial loss of 90%-99% of transplanted cells in 1-2 weeks posttransplantation. [ 10, 12, 16, 20 ] For example, hASCs encapsulated and injected within a widely used Type I collagen gel had <5% retention at day 7 postinjection. [ 16 ] The survival of neural progenitor cells transplanted within a hyaluronanheparin-collagen hydrogel into the cavity of stroked rat brain was modestly increased compared to culture media (cell survival at day 14 of 8% vs 4%, hydrogel vs culture media, respectively). [ 20 ] In another study, transplantation of cardiomyoblasts into ischemic heart resulted in <5% survival when delivered within a collagen matrix and <10% survival within a Matrigel/ collagen matrix at day 14 postinjection. [ 10 ] The key role of hASCs in functional recovery has been hypothesized to be the secretion of paracrine factors that promote endogenous cell function. [ 40 ] Because SHIELD delivery signifi cantly enhances hASC retention at the desired site, fewer transplanted cells and fewer cell injections will be needed to achieve an equivalent level of secreted paracrine factors and hence therapeutic effi cacy. Thus SHIELD use will minimize the number of cells required for transplantation, decreasing the expense, time, and complexity of ex vivo expansion of patient-isolated cells. Furthermore, because of the highly tunable nature of the SHIELD system, the material degradation lifetime can be tailored to match the requirements for various endogenous regeneration processes.
In summary, we have developed a physically crosslinked, double-network hydrogel to address the problem of posttransplantation cell death and to potentially eliminate a major bottleneck in regenerative therapy, as clinical outcome is contingent on the number of viable donor cells. We demonstrated that SHIELD undergoes two distinct crosslinking mechanisms that simultaneously address two of the major causes of transplanted cell death by providing (i) protection from the mechanically disruptive forces experienced during syringe-needle fl ow and (ii) a highly tunable 3D microenvironment that supports cell survival and retention postinjection. By minimizing the number of transplanted cells required for therapeutic effi cacy, SHIELD use will decrease the cost, duration, and complexity of cell-based regenerative medicine therapies.
Experimental Section
Material Synthesis : Eight-arm polyethylene glycol vinyl sulfone (8-arm PEG-VS) with nominal molecular weights of 20 000 g mol −1 were purchased from Nanocs (Boston, MA). Peptide P1 (EYPPYPPPPYPSGC, 1563 g mol −1 ) was purchased through custom peptide synthesis from Genscript Corp (Piscataway, NJ, USA). All other chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) unless otherwise noted. Amine-terminated PNIPAM was fractionated by dissolving in acetone and stepwise precipitation upon addition of hexane. The high molecular weight fraction had a weight-average molecular weight ( M w ) of 10 650 g mol −1 with a polydispersity index (PDI) of 1.2 as determined by GPC. GPC was carried out at room temperature in tetrahydrofuran (THF) as the eluent at a fl ow rate of 1.0 mL min −1 using a Viscotek chromatograph and a Viscotek S3580 refractive index detector (Houston, TX) and standard monodisperse polystyrenes for calibration. A Michaeltype addition of amine-terminated PNIPAM to 8-arm PEG-VS was conducted at an amine:VS ratio of 1:8 in a Schlenk tube at pH 9.5 and 0.5 M triethylamine at 25 °C for 24 h. Then the rest of the unreacted arms of PEG-VS were further reacted with excess P1 in the presence of tris(2-carboxyethyl)phosphine. This PEG-PNIPAM-P1 copolymer solution was lyophilized, washed with chloroform to remove unreacted PEG, and then dialyzed (molecular weight cut-off = 15 000 g mol −1 ) against deionized water (pH 7.4) to remove unreacted PNIPAM and P1. For comparison, PEG-P1 copolymer was synthesized by reacting 8-arm PEG-VS with excess P1 and purifi ed as described above. The chemical structures were confi rmed by 1 H NMR spectrometry, acquired on a Varian Inova 500 MHz NMR spectrometer using deuterium oxide as a solvent ( Figure S1 , Supporting Information). 1 . The degree of end-group conversion was 74% for PNIPAM and 90% for P1. To determine the M w and PDI, GPC was performed as described above. The C7 recombinant protein polymer (Table S1 , Supporting Information for full amino acid sequence, Supporting Information) was cloned, synthesized, and purifi ed as reported previously. [ 17 ] Briefl y, the DNA sequence encoding the C7 linear protein block copolymer was cloned into the pET-15b vector (Novagen) and transformed into the BL21(DE3)pLysS Escherichia coli host strain (Life Technologies). The protein was expressed following isopropyl β-D-1-thiogalactopyranoside induction, purifi ed by affi nity chromatography via the specifi c binding of N -terminal polyhistidine tag to Ni-nitrilotriacetic acid resin (Qiagen), dialyzed against PBS, and concentrated by diafi ltration across Amicon Ultracel fi lter units (Millipore).
Hydrogel Preparation : Each WW domain in C7 was treated as one C unit and each pendant peptide group in the PEG-PNIPAM-P1 copolymer was treated as one P unit. Weight percentage of PNIPAM component was used to name various SHIELD formulations. SHIELD-1 (SHIELD with 1 wt% PNIPAM moiety) was formed by mixing C7 and PEG-PNIPAM-P1 copolymer to achieve a C:P ratio of 1:1 and a fi nal concentration of 10% w/v in PBS (Figure 1 a) . Similarly, SHIELD-0 (SHIELD with 0 wt% PNIPAM moiety) was formed by mixing C7 and PEG-P1 copolymer to achieve the same fi nal concentration of 10% w/v and C:P ratio of 1:1. PEG-PNIPAM-P1 and PEG-P1 copolymers were also mixed at a weight ratio of 70/30 and then mixed with C7 to prepare a 10% w/v gels named SHIELD-0.7, which contains 0.7 wt% PNIPAM.
Rheological Characterization : Dynamic oscillatory rheology experiments were performed on a stress-controlled rheometer (AR-G2, TA instrument, New Castle, DE) using a 25-mm diameter cone-plate geometry ( n ≥ 3). Samples were loaded immediately onto the rheometer after mixing and a humidity chamber was secured in place to prevent dehydration. Frequency sweeps from 0.1 to 20 Hz at 25 and 37 °C were performed at 5% constant strain to obtain storage moduli ( G′ ) and loss moduli ( G″ ). Shear-thinning and self-healing properties of the gel samples were characterized by measuring linear viscosity ( η ) under a time sweep mode at alternating low and high shear rates of 0.1 s −1 and 10 s −1 , respectively, for 30 s each and a total of 150 s.
FRAP Diffusivity Measurement : FRAP measurement was performed using dextran (molecular weight = 40 kg mol −1 ) conjugated to fl uorescein isothiocyanate (FITC) (Invitrogen). Dextran was mixed individually with various SHIELD formulations (gel volume = 30 µL, concentration = 10% w/v, C:P ratio = 1:1) at a fi nal dextran concentration of 4 mg mL −1 . The total fl uorescence intensity was visualized at 37 °C using a Leica TCS SP5 confocal microscope at low light intensity. Photobleaching was then conducted by exposing a 100 × 100 µm spot in the fi eld of view to a high intensity laser light. A series of images were taken every 3 s for 5 min to track the recovery of dextran fl uorescence ( n ≥ 3). Measurements of the control samples were performed using PBS, rat-tail Type I collagen (2 mg mL −1 , BD Biosciences), and growth-factor-reduced Matrigel (BD Biosciences) as diffusion media, prepared according to manufacturers' protocols. The resulting fl uorescence recovery profi les were modeled by Fickian diffusion according to a previously reported protocol to calculate dextran diffusivities. [ 41 ] Hydrogel Erosion Kinetics : Various SHIELD formulations were formed in circular silicone molds (diameter = 4 mm, height = 2 mm) within a 24-well plate ( n ≥ 3). The mixture was allowed to undergo sol-gel phase transition for 15 min at 37 °C in a humidifi ed incubator. Then 1.5 mL of PBS was added to each well. Volumes of 100 µL were sampled from the PBS supernatant of each well and replenished with 100 µL of fresh PBS over a period of 14 days. Gel erosion kinetics were analyzed by using absorbance spectroscopy at 280 nm (SpectraMax M2 Spectrophotometer, Molecular Devices) to measure the amount of protein released into the supernatant at each time point. All values were normalized to that of the initial hydrogel directly disrupted and solubilized in PBS.
In Vitro Cell Injection and Quantifi cation of Viability : hASCs were obtained from deidentifi ed human lipoaspirate from the fl ank and thigh regions by suction assisted liposuction. All tissue donors responded to an Informed Consent approved by the Stanford Institutional Review Board. hASCs were cultured in Dulbecco's modifi ed Eagle's medium supplemented with 10% fetal bovine serum and 100 IU mL −1 penicillin/streptomycin at 37 °C and 5% atmospheric CO 2 . Cells were expanded and passaged by trypsinization for subsequent use. All in vitro injection experiments were performed with 30-µL gel volume containing 5 × 10 4 cells. Cell suspension (5 µL) was fi rst mixed with the 8-arm PEG-PNIPAM-P1 copolymer solution (20% w/v in PBS) and PBS before further mixing with C7 (10% w/v in PBS). The volumes of PEG-PNIPAM-P1 copolymer solution and C7 were adjusted to achieve a fi nal C:P ratio of 1:1 at a total cell-laden hydrogel concentration of 10% w/v. For cell injection studies, the fi nal mixing step with C7 was performed in the barrel of a 1-mL insulin syringe fi tted with a 28 G needle. The mixture was allowed to gel for 5 min before injecting into a circular silicone mold (diameter = 4 mm, height = 2 mm) within a 24-well plate using a syringe pump (SP220I; World Precision Instruments) at a fl ow rate of 1 mL min −1 . Cell viability was determined using LIVE/DEAD viability/ cytotoxicity kit (Invitrogen) immediately postinjection and at days 1, 4, 7, and 14 postinjection ( n = 5), according to manufacturer's instructions. Cells were fi xed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100 solution in PBS, and stained with rhodamine phalloidin (1:300, Life Technologies) and 4′,6-diamidino-2-phenylindole (DAPI, 1 µg mL −1 , Life Technologies). Images were collected using the Leica confocal microscope by creating z-stacks of greater than 200-µm depth with 2.4-µm intervals between slices in the middle of the hydrogel and then compressing into a maximum projection image. Cell number was quantifi ed from confocal images at each time point.
In Vivo Transplantation and BLI : All experiments followed protocols approved by the Stanford Administrative Panel on Laboratory Animal Care. The National Institutes of Health (NIH) guidelines for the care and use of laboratory animals (NIH Publication #85-23 Rev. 1985) were observed. To track the material retention, C7 protein was labeled with Cyanine5.5 N-hydroxysuccinimide (NHS) ester, which is a nearinfrared emitting dye (Lumiprobe), according to the manufacturer's protocol. To track the cell retention, hASCs were transduced with lentivirus particles expressing the fi refl y luciferase gene (Qiagen). For in vivo transplantation, athymic nude mice (25-30 g, male, Charles River Laboratories) were anesthetized with isofl urane, and hydrogel samples (30 µL total with 5 × 10 5 cells) were hand-injected subcutaneously via an insulin syringe with a 28 G needle. hASCs Fluc+ resuspended at the same concentration in saline (30 µL) were also injected as controls. To minimize location specifi c bias, injection sites were randomized and rotated across the four injection sites per mouse. To monitor cell viability and distribution, BLI was performed with an in vivo imaging system (IVIS, Xenogen Corp.) and data were acquired with LivingImage TM software (Xenogen Corp.) on days 0, 3, 7, and 14. Before imaging, mice were anesthetized with 2% isofl urane/air. Reporter probe D-luciferin was administered via intraperitoneal injection at a dose of 350 mg kg −1 body weight. BLI was acquired at 5-min intervals with an exposure time of 30 s. For each image acquisition, a gray scale body surface image was collected, followed by an overlay of the pseudo-colored image of photon counts from active luciferase within the mouse. Image acquisition continued until all samples had reached peak intensity (10-40 min). Signal intensity for each sample was quantifi ed as total fl ux (photons s −1 ) within a region of interest at peak intensity ( n = 5). Fluorescence images of Cyanine5.5 dye were also taken with an exposure time of 0.5 s at each time point using the Cy5.5 fi lter sets (excitation: 673 nm, emission: 707 nm) and their intensities were quantifi ed using the same software ( n = 4). All values were normalized to day 0.
Statistical Analysis : All data are presented as mean ± standard deviation. Statistical comparisons were performed by one-way analysis of variance (ANOVA) with Tukey posthoc test on diffusivity and hydrogel erosion results. Two-way ANOVA with Tukey posthoc test was performed on cell viability, cell number, shear moduli, and in vivo results containing two independent variables. Values were considered to be signifi cantly different when the p value was <0.05.
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